Twelve genes encoding key components of Clostridium cellulolyticum cellulosomes are clustered. Among them, the first, second, and fifth genes encode the assembly factor CipC and the two major cellulases Cel48F and Cel9E, respectively. Cellulolytic clones were selected from the noncellulolytic cipC insertional mutant transcomplemented with a cipC expression vector, in which one homologous recombination event between the 3 end of the chromosomal cipC gene and the plasmidic cipC gene has restored the cluster continuity. The absence of the enzymes encoded by the cluster in the cipC mutant was thus only due to a strong polar effect, indicating that all genes were transcriptionally linked. Two large transcripts were detected in cellulose-grown cells by Northern hybridization: a 14-kb messenger which carries the cipC-cel48F-cel8C-cel9G-cel9E coding sequences and, in a smaller amount, a 12-kb messenger which carries the genes located in the 3 part of the cluster. Four smaller transcripts were found in large amounts: a cipC-cel48F bicistronic one and three monocistronic ones, cipC, cel48F, and cel9E. The cipC-cel48F and cel48F messengers were shown to be stable. Analysis by reverse transcription-PCR suggested transcriptional linkage of all of the open reading frames. The production of a primary very large transcript covering the entire cluster was hypothesized. Primer extension analysis has identified two putative transcriptional start sites located 638/637 and 194 nucleotides upstream of the cipC translational start. The processing of the primary transcript would lead to the production of several secondary messengers displaying different stabilities, contributing to fine tuning of expression of individual genes of the operon.
Clostridium cellulolyticum, an anaerobic mesophilic bacterium, produces high-molecular-weight cellulolytic complexes named cellulosomes (6) . These extracellular complexes act very efficiently on crystalline cellulose, liberating soluble oligosaccharides which are used by the bacteria as carbon and energy sources (4) . Each cellulosome is composed of up to nine proteins: a scaffolding protein (CipC) and eight enzymes. These proteins can be assembled via high-affinity binding between specific modules: the cohesin modules carried by the CipC protein and the dockerin modules borne by the cellulosomal enzymes (19, 20) . Twenty-two different dockerin-bearing proteins have been identified either by gene cloning or by far-Western blot analysis of the cellulolytic system with a biotinylated cohesin-bearing protein as a probe (16) . The composition of the cellulosomes is thus heterogeneous and appears to be regulated by the different amounts of the available enzymes (22, 23) .
Twelve genes of this enzymatic system are located in a large cluster spanning 26 kb (2) . The gene encoding CipC is the first gene of this cluster. It is immediately followed by 11 genes (cel48F-cel8C-cel9G-cel9E-orfX-cel9H-cel9J-man5K-cel9M-rgl11Y-cel5N) coding for eight cellulases (Cel proteins), one mannanase (Man5K), and one pectinase (Rgl11Y) (21, 22) .
Cel48F and Cel9E are the major enzymatic components of the complexes (7, 27) . Several genes encoding cellulosomal cellulases are located outside of the cip-cel cluster (cel5A, cel5D, and cel44O) (14, 29) . Nevertheless, the cellulases encoded by the cluster were found to be essential for the building of cellulosomes efficient in crystalline cellulose degradation (16) . Indeed, the insertional mutant strain cipCMut1 and the transcomplemented strain cipCMut1(pSOScipC) were both severely affected in their cellulolytic abilities compared to the wild-type strain (16) . The latter strain produces complexes assembled on the trans-produced CipC protein. These complexes, although containing at least a dozen of dockerin-bearing proteins, do not contain any of the enzymes encoded by the cip-cel gene cluster.
The transcriptional organization of the cip-cel cluster and the regulation of the expression of the genes coding for the various components of the cellulolytic system of C. cellulolyticum are poorly known. Available data are mainly from the study of the first insertional mutant of this system, cipCMut1 (16) . Indeed, the apparent polar effect of the cipC mutation suggests that numerous genes, including those extremely distant from cipC, such as rgl11Y, may all be transcriptionally linked in the cluster. Northern blotting of wild-type RNAs probed with a digoxigenin-labeled cipC antisense RNA showed that the first two genes (cipC and cel48F) were cotranscribed. One of the major messengers found was long enough (7.5 kb) to carry both the cipC open reading frame (ORF) (4,640 bases) and the following one, the cel48F ORF (2,168 bases), suggesting that cipC and cel48F might be partly translated from a polycistronic common mRNA. Moreover, the transcriptional linkage of two other genes of the cluster, cel8C and cel9G, was demonstrated in a previous study (1) .
The present study aims to complete the data on the transcriptional organization of this key cip-cel gene cluster, by Northern hybridization with highly radiolabeled probes, reverse transcription (RT)-PCR analysis and primer extension analysis.
MATERIALS AND METHODS
Bacterial strains, plasmids, media, and growth conditions. The bacterial strains and plasmids used in this study are listed in Table 1 . Escherichia coli DH5␣ was used as the recipient strain for the recombinant plasmids (derivatives of pSPT18 and pGEMT-Easy) (Roche Applied Science, Promega). It was grown at 37°C in Luria-Bertani medium, supplemented with ampicillin (100 g ml Ϫ1 ) when required. Clostridium cellulolyticum (ATCC 35319) and the mutant strains cipCMut1, cipCMut1(pSOSzero), and cipCMut1(pSOScipC) were cultured anaerobically at 32°C on basal medium (BM) (8) supplemented with MN300 cellulose (5 g liter Ϫ1 ) (Serva). The medium used for the mutant strain cultures was supplemented with cellobiose (0.4 g liter Ϫ1 ) (Sigma-Aldrich). Erythromycin (10 g ml Ϫ1 ) was added in transformant cultures. Recombinant clones were isolated from the cipCMut1(pSOScipC) strain on solid BM supplemented with agar (15 g liter Ϫ1 ), cellobiose (2 g liter Ϫ1 ), and erythromycin (10 g ml Ϫ1 ). Cells were embedded into 4 ml of 8 g liter Ϫ1 agar and 20 g liter Ϫ1 MN300 cellulosecontaining BM and overlaid onto solid medium.
DNA isolation, cloning, and molecular techniques. Chromosomal DNA was obtained from C. cellulolyticum, using the genomic DNA purification kit (Promega). Large-and small-scale plasmid purification from E. coli was performed, using kits from QIAGEN and Promega. Restriction enzymes and DNA-modifying enzymes were purchased from Promega and Roche Applied Science and used as recommended by the manufacturer. DNA sequences located upstream from the ORF cipC and downstream of the ORF cel5N in the genome of C. cellulolyticum were amplified by inverse PCR (18) . Total chromosomal DNA of the strain was digested by a restriction enzyme cutting the gene near the unknown sequence. To determine the sequence upstream from cipC and downstream from cel5N, DNA was digested, by HinfI, and DraI, respectively. The resulting fragments were ligated and used as templates for PCR amplification with divergent primer pairs (Table 2) : Cip-IPCRdir/Cip-IPCRrev and N-IPCRdir/N-IPCRrev, respectively (18) . The inverse PCR products were then purified using the Nucleospin extract purification kit (Macherey Nagel) and cloned into the pGEMT-Easy vector prior to sequence analysis. DNA sequencing was performed by Genome Express (Grenoble, France). Recombinant chromosome analysis was performed by PCR using primers Cip-PCRdir, F-PCRrev, ISCce1-PCRdir, ISCce1-PCRrev, and Sos-PCRdir (Table 2 ) with genomic DNA from the strain cipCMut1 or cipCMut1(pSOScipC) clones as the template.
Protein analysis. Proteins (5 g) eluted from residual cellulose (Fc fraction) as described by Maamar et al. (16) were separated by 7.5% sodium dodecyl sulfate (SDS)-polyacrylamide gel electrophoresis using a Phast system apparatus (Amersham Biosciences). The proteins were stained with Coomassie blue or electrotransferred onto nitrocellulose BA83 membrane (Schleicher & Schuell). The Western blot was incubated with a polyclonal rabbit antiserum raised against Cel9E and then revealed using the enhanced chemiluminescence detection system (Amersham Biosciences).
RNA isolation. Total RNAs were isolated from cells grown on cellulose-containing BM as described previously (16) . The culture (600 ml) was stopped at the end of the exponential phase of growth (6 days). The cells were collected by pipetting, taking care to not disturb the sedimented cellulose. After centrifugation, cells were resuspended in 2.5 ml of lysis buffer (30 mM Tris-HCl, pH 8, 100 mM NaCl, 5 mM EDTA, 1% SDS) and RNAs were purified as previously described (16 The different antisense RNA probes were synthesized from the linearized appropriate constructs (pSPTcipC, pSPTcel48F, pSPTcel8C, pSPTcel9G, pSPTcel9E, pSPTcel9H, pSPTcel9J, pSPTrgl11Y, pGEMorfX, pGEMman5K, pGEMcel9M, pGEMcel5N, and pGEM16S) by in vitro runoff transcription using the SP6 or the T7 RNA polymerase (Roche Applied Science). The reaction mix (20 l) consisted of the linearized vector (1 g), 1ϫ transcription buffer, rNTP (Promega) (rATP, rCTP, and rGTP at 0.19 mM each and rUTP at 0.019 mM), RNase inhibitor (Rnasin Promega, 40 U), [␣-32 P]UTP (Amersham Biosciences; 300 Ci), and RNA polymerase (20 U). The reaction mixture was incubated 2 h at 37°C, and then subjected to a DNase I, RNase-free treatment (20 U; Roche Applied Science) during 15 min at 37°C to eliminate the vector. The reaction was stopped with 4 M EDTA (pH 7.5) and incubated 10 min at 65°C to inactivate the enzymes. The RNA probes were purified on chromatography columns (Micro Bio-Spin Chromatography Column P-6; Bio-Rad).
The Cy5-labeled cDNA probes were obtained from in vitro-synthesized sense RNA (see information on in vitro runoff transcription above) by using SuperScript III reverse transcriptase (Invitrogen) and the primers F-RS and 16S-RS for cel48F and 16S rRNA, respectively. Before each reverse transcription, the RNAs were denatured for 5 min at 65°C. The reaction mixture (40 l) consisted of 2.5 M the specific primer; 166.5 M each dATP, dTTP, and dGTP; 25 M dCTP; 37.5 M Cy5-dCTP; 10 g RNA; 1ϫ RT buffer, 0.1 M dithiothreitol, 40 U of RNase inhibitor, and 200 U of reverse transcriptase. The mix was incubated for 2 h at 50°C with addition of 200 U of enzyme after 1 h of incubation. The reaction was stopped by heating 15 min at 70°C, and then the reaction mixture was treated with DNase-free RNase (Roche Applied Science) and Rnase H (Promega). The Cy5-labeled cDNAs were purified on affinity column (Genomics; Millipore) and concentrated on exclusion column (Microcon YM-30; Millipore). The Cy5-labeled cDNA probes were quantified by spectrophotometric analysis at 260 nm. The frequency of incorporation of labeled nucleotides was calculated from the optical density at 650 nm. To validate the probe's functionality, a range of several dilutions of each Cy5-labeled probe were done. After UV cross-linkage on a nylon membrane, the probes were quantified (see "RNA quantification").
RNA quantification. The software used was Multi Gauge, version 2.0 (Science Lab 2002). After probing with the Cy5-labeled cDNA probes, the intensities of the regions corresponding to the different RNA species were measured in linear arbitrary units (LAU). For each RNA, a background region (BG) was measured in LAU. The RNA quantities were expressed in (LAU Ϫ BG)/mm 2 . cipC-cel48F and cel48F mRNA quantities were normalized with the 16S rRNA.
RT-PCR. RT and the following PCRs were performed from 100 ng of total RNA with the Titan One Tube RT-PCR kit (Roche Applied Science). The reaction mix (50 l) consisted of 0.2 mM deoxynucleotide triphosphate (dNTP), 5 mM DTT, 5 U of RNase inhibitor, 0.4 M each direct and reverse primer, 100 ng of RNA, 1ϫ RT-PCR buffer, and 1 l of enzyme mixture containing the avian myeloblastosis virus reverse transcriptase and the Taq and Tgo DNA polymerases. Reaction mixtures were incubated at 50°C for 30 min; the cDNA products were then amplified by PCR. The PCR negative and positive controls were done with the Taq-Tgo DNA polymerase mix, by using RNA and genomic DNA as templates, respectively.
Primer extension. Total RNA was reverse transcribed by using the Superscript III reverse transcriptase (Invitrogen) and a radioactive 5Ј-end-labeled oligonucleotide primer. Primers were end labeled by incubating 5 pmol of the primer with 10 U of T4 polynucleotide kinase (Biolabs), 60 Ci of [␥-
32 P]ATP (6,000 Ci/mmol; Amersham Biosciences), 70 mM Tris-HCl (pH 7.6), 10 mM MgCl 2 , 5 mM dithiothreitol, and 0.1 M spermidine at 37°C for 30 min. One microliter of radiolabeled primer which had previously been purified on Micro Bio Spin chromatography column (Bio-Rad) was annealed with 15 g of RNA and incubated at 50°C for 50 min in a 20-l reaction mixture containing 50 mM Tris-HCl (pH 8.3), 75 mM KCl, 3 mM MgCl 2 , 10 mM dithiothreitol, 1 mM of each deoxynucleotide triphosphate, and 200 U of reverse transcriptase. Extension products were analyzed on an 8% polyacrylamide sequencing gel. Their migrations were compared to the migration of the 25-bp DNA Step Ladder (Promega), also labeled as previously described. To map the exact transcriptional start site, sequencing reaction mixtures were used as ladders. The sequencing reactions 
a The primer's name includes the letter or name of the gene followed by the analysis for which it was designed: RT, RT-PCR; PE, primer extension; RC, riboprobe cloning; RS, riboprobe synthesis; IPCR, inverse PCR; and S, sequencing. Dir and rev indicate direct and reverse primers, respectively.
b The position indicated refers to the position of the primer 5Ј nucleotide on the corresponding gene, with the nucleotide numbering beginning from the first codon of the gene. The sequences of the corresponding genes are described in GenBank under accession no. U40345, U30321, M87018, AF316823, and DQ156106. 
RESULTS
cipCMut1(pSOScipC) recombinant clone studies. Cellulolysis is severely affected in C. cellulolyticum strain cipCMut1 (16) , which contains a disrupted cipC gene (Fig. 1D) . Indeed, neither the mutant strain nor the cipC trans-complemented strain cipCMut1(pSOScipC) were found to produce any of the enzymatic proteins encoded by the genes following cipC in the cip-cel cluster of genes (16) . This result strongly suggests that all genes of the cluster are transcriptionally linked. In order to confirm (i) this hypothesis and (ii) that the noncellulolytic phenotype (Cel Ϫ ) observed was only due to a strong polar effect, recombinant cellulolytic clones (Cel ϩ ) were selected from the cipCMut1(pSOScipC) trans-complemented strain (Fig. 1A) . The analysis of the cipC-cel48F chromosomal region of Cel ϩ clones by PCR (Fig. 1E ) revealed that they carried the entire plasmid. This structure resulted from one homologous recombination event between the chromosomal cipC gene and the plasmidic cipC gene, in the 3Ј-end region of the genes. The integration of the plasmid at this place restored the cluster continuity (Fig. 1D , case 2). Some Cel Ϫ recombinant clones were also found to result from the insertion of the plasmid in the 5Ј end of the chromosomal cipC gene (Fig. 1D, case 1) , leaving the interrupted cipC gene copy in front of cel48F. The cellulolytic system produced by the cipCMut1(pSOScipC) Cel ϩ strains contains, in addition to the CipC protein, the two major cellulosomal cellulases Cel48F (Fig. 1B, lane 4) and Cel9E (Fig.  1C, lane 4) , whereas the cipCMut1(pSOScipC) Cel Ϫ clones produce only CipC (Fig. 1B and C, lane 3) . Therefore, in the Cel ϩ strains,the expression of cipC and of the following genes is under the control of the plasmidic thiolase promoter located in front of the cip-cel wild-type cluster. The restoration of the Cel ϩ phenotype in certain plasmid-chromosome recombinants asserts that the absence of the cluster-encoded enzymes in the cipCMut1 strain was only due to the insertional inactivation of cipC, confirming the polar effect and showing that the genes of the cluster are transcriptionally linked.
Transcript size. In order to study the transcriptional organization of the genes belonging to the cluster, Northern blot hybridization experiments were performed with the different gene-specific radioactive ( 32 P) riboprobes. Total RNA was isolated from C. cellulolyticum wild-type cells grown in MN300 cellulose-containing basal medium during 6 days at 32°C. The results of hybridization on 10-g RNA blots showed several transcripts carrying the genes cipC, cel48F, cel8C, cel9G, and cel9E ( Fig. 2A and B) . In the first part of the cluster, four transcripts were found to be very abundant: the monocistronic transcripts of cipC (4.9 kb), cel48F (2.3 kb), and cel9E (2.8 kb) and the polycistronic transcript cipC-cel48F (7.6 kb) ( Fig. 2A) . Besides these major transcripts, the five probes corresponding to the five first genes of the cluster annealed to some other rare messengers. The largest messenger detected by each of the probes is approximately 14 kb long (Fig. 2B) . Although this size could not be accurately determined, it is in good agreement with the expected size of the cipC-cel9E part of the cluster (13.5 kb). A second large transcript of around 10 kb was detected by the probes cel48F, cel8C, cel9G, and cel9E. Moreover, signals ranging from 4 to 6 kb were observed with the cel9G and cel9E probes. They might result from hybridization with degraded messengers. In contrast to cipC, cel48F, and cel9E, no monocistronic transcript was shown with the probes cel8C and cel9G.
The probes orfX, cel9H, cel9J, man5K, cel9M, rgl11Y, and cel5N did not reveal any defined messenger. In an attempt to detect the rare messenger(s), Northern blotting analysis was performed again using 40 g of RNA instead of 10 g. Unfortunately, the abundance of RNAs on the membranes engendered a high background noise, and it was thus not possible to distinguish any specific signal in the area of the blots containing RNAs 1 to 10 kb long. However, a big transcript larger than 12 kb long was detected with probes of the 3Ј moiety of the cluster excluding orfX (e.g., Fig. 2C ). This RNA could carry the information of all the genes of the second part of the cluster. The DNA strand carrying the genes cel9H to cel5N is 11.8 kb long, and we know that cel5N is the last gene of the cip-cel cluster. Indeed, looking at the region following cel5N, a gene (orf4) encoding an LysR family protein was found (GenBank accession no. DQ156106), but in the opposite direction from the cel5N ORF.
The alternative method of RT-PCR analysis was used to investigate transcriptional linkage in the cip-cel cluster. One reverse primer designed to hybridize to the beginning of each ORF was used to synthesize cDNA molecules from RNAs (Table 2) . PCR amplifications were performed by adding a direct primer which binds to the cDNA within the preceding ORF. RT-PCR products of the predicted length were generated for all primer pairs spanning intergenic regions from cipC to cel5N (e.g., for the cel9H-cel9J intergenic region in Fig. 3 , lane 5, RT). To explore the putative transcriptional association of three consecutive genes, the same cDNA template was subjected to PCR amplification with the same reverse primer and a direct primer that binds two ORFs upstream. An RT-dependent product was obtained with the pair of primers cipCRTdir/C-RTrev, indicating that the cipC, cel48F, and cel8C genes are transcriptionally coupled (Fig. 3, lane 1, RT) . Similarly, it was shown that cel48F, cel8C, and cel9G (Fig. 3, lane 2 , RT), and that cel8C, cel9G, and cel9E (Fig. 3, lane 3, RT) are linked, respectively. A specific RT-PCR product was also obtained in mixtures containing the E-RTdir/H-RTrev pair of primers (Fig. 3, lane 4, RT) , indicating that messengers carrying cel9E, orfX, and at least the beginning of cel9H also exist. It was nevertheless not possible to obtain any RT-PCR product, neither with the pairs G-RTdir/X-RTrev and X-RTdir/JRTrev nor with the pair H-RTdir/K-RTrev (data not shown). No apparent internal RNA secondary structures which could explain these results were found within the cel9E, cel9H, and cel9J ORFs (Fig. 4) . Conversely, cel9J, man5K, and cel9M were shown to be carried by the same messenger, as man5K, cel9M, and rgl11Y and as cel9M, rgl11Y, and cel5N (Fig. 3, RT in lanes  6, 7, and 8, respectively) .
Very large RNA species were clearly detected by Northern blotting (Fig. 4) . Moreover, several RT-PCR products covering three successive genes were obtained, even in the 3Ј moiety of the cluster. These results strongly support the hypothesis that all the genes of the cluster are cotranscribed in a very large primary messenger which might be subject to processing.
Identification of potential transcription initiation sites. To identify promoters upstream of cipC, primer extension analysis was performed on total RNAs extracted from cells that had been grown in cellulose-containing medium. Primer extension reactions were carried out with primers cip-PE1, cip-PE2, and cip-PE3 (Table 2) , which are complementary to the Ϫ2/ϩ20, Ϫ121/Ϫ144, and Ϫ512/Ϫ538 regions, respectively (Fig. 5A) . No short elongation product was obtained with cip-PE1 (Fig. 6) . The cip-PE3 and cip-PE2 primers were used to precisely map the distal and proximal putative transcription start areas S1 (Fig. 5B) and S2 (Fig. 5C ), respectively. The distal start nucleotides were mapped to the point 637 and 638 nucleotides (nt) upstream of the ATG codon (Fig. 5A) . The deduced Ϫ35 and Ϫ10 sequences matched well the consensus for Bacillus A and clostridial promoter sequence (Ϫ35, TTGACA; Ϫ10, TATAAT) (10, 31) . One direct repeat region was found downstream of this transcriptional start site (Fig. 5A) . We do not know yet if this region is involved in any regulation process. S2 was located 194 nt upstream of the cipC translational initiation codon. The Ϫ35 and Ϫ10 regions (P2) of this proximal putative start site showed low homology to the consensus for factors of grampositive bacteria. This 5Ј end might result from an effective transcription start site or might correspond to a degradation product of the primary mRNA. We know that the Ϫ392 to Ϫ25 promoter region carrying P2 does not promote high level of transcription in C. cellulolyticum when used into an expression vector (22) . On the other hand, the long leader sequence and the presence of repeats in the promoter region To determine whether a promoter was present upstream of the cel48F gene, primer extension analysis was carried out on RNA using the radiolabeled primer F-PE1, which was complementary to a region 12 nt downstream of the initiation codon of cel48F (Table 2) . A ladder pattern, including high-molecular-weight bands, was obtained when the cDNA products were analyzed (Fig. 6) , which suggests that the cipC and cel48F genes form an operon. Nevertheless, one band of the ladder pattern of around 115 nt long was found to be especially intense (Fig. 6 ). This primer extension endpoint, located 103 nt upstream of the ATG codon (Fig. 7A) , might result from mRNA processing or from the presence of secondary mRNA structures that lead to RT stalling. Primer extension analyses were also undertaken to identify putative 5Ј ends of transcripts upstream of cel8C, cel9G, and cel9E. The patterns obtained showed several bands of various intensities, including highmolecular-weight products (Fig. 6) . One band each of the cel8C and cel9E patterns appeared as a major product and might indicate mRNA processing sites. All of these results suggest that some primer extension products, in particular the minor products, might result from reverse transcriptase pausing or hairpin loop formation and do not represent transcriptional start points. High-molecular-weight products indicate that the corresponding genes are located inside large polycistronic mRNAs. Intergenic regions of the 5Ј moiety of the cluster contain four putative stable RNA secondary structures which are different from Rho-independent terminator structures (no U stretch at the 3Ј end) (Fig. 4) . Two of them are located near the putative processing sites upstream of cel48F and cel9E (Fig. 7B and C) . One can point out that these putative processing sites are located at the 5Ј extremity of a secondary structure which might protect the secondary messenger from degradation and explain their high stability (see below and Fig. 8B ). One putative stable RNA secondary structure was also found downstream of cel48F and cel9E (Fig. 4) . They might also contribute to stabilize the 3Ј ends of the monocistronic cel48F and cel9E messengers.
In the 3Ј-end region of the cip-cel cluster, cel5N is followed by orf4 transcribed on the opposite strand. Two putative Rhoindependent terminator structures encoded by the two complementary strands were found in the intergenic region (Fig.  7D) . These structures might be responsible for the transcription termination of the cluster and of orf4.
Stability of the cipC-cel48F and cel48F messengers. The cipCcel48F and cel48F messengers were found to be abundant ( Fig.  2A and B) . This abundance might reflect high stabilities. If these mRNAs are from the result of processing events, the monocistronic cel48F mRNA might be derived from the larger cipC-cel48F mRNA. In order to investigate the stability of these messengers and to test this last hypothesis, 500 g of FIG. 5. Promoter region sequence (A) and primer extension analysis (B and C) to map the transcription start sites of cipC. End-labeled primers cip-PE3 (B) and cip-PE2 (C) were used to identify the putative P1 and P2 promoter start sites S1 and S2. The same primers were used to generate the sequencing ladder by the dideoxy method (lanes marked T, G, A, and C). Primer extension products (PE) are shown to the right of the corresponding sequencing ladder on an 8% (wt/vol) sequencing gel. In panel A, the Ϫ35 and Ϫ10 regions of the putative P1 and P2 promoters are indicated in bold italics, the cip-PE1 (Fig. 6) , cip-PE2, and cip-PE3 annealing regions are highlighted, the possible start sites are marked by S1 and S2 over angled arrows, and inverted or direct repeats are indicated by arrows. SD, Shine-Dalgarno sequence.
rifampin were added to a 6-day-old culture of C. cellulolyticum on MN300 cellulose, in order to stop transcription. Total RNAs, purified from aliquots of the culture after 9, 20, and 30 min of incubation at 32°C, were analyzed after Northern blotting using Cy5-labeled cel48F and 16S cDNA probes (Fig. 8A) . 16S RNA, cipC-cel48F mRNA, and cel48F mRNA were quantified by measuring the fluorescence of the corresponding hybridized probes. As shown in Fig. 8A , both transcripts decreased together after the addition of rifampin but at different rates; the quantity of the cel48F mRNA was found to decrease more slowly (half-life of 17 min) compared to the large cipCcel48F mRNA (half-life of 12 min) (Fig. 8B) . These results suggest that the cel48F transcript is not a processed product of the longer cip-cel48F messenger. Both transcripts might be the products of the 14-kb messenger.
DISCUSSION
To better understand which mechanisms govern the production of the key cellulosomal proteins from Clostridium cellulolyticum, we attempted to characterize the major mRNAs that are synthesized from the genes belonging to the cip-cel cluster and identify the putative promoter regions.
Long messengers bearing the information of several successive genes were detected by Northern blotting. The first five genes were found to be cotranscribed in a 14-kb-long mRNA. Many messengers carrying the information of one, two, or three of these five genes were also detected. The abundance of some of these transcripts indicates that the genes cipC, cel48F, and cel9E appeared to be the most expressed (Fig. 4) . Conversely, the genes located in the second moiety were found to be poorly expressed. Indeed, we only detected a small amount of a messenger which covers a large 3Ј moiety of the cluster and might be the main translated species that produces the Cel9H-to-Cel5N proteins. We were not able to detect by Northern blotting any RNA large enough to carry all of the genes of the cluster (26 kb). Such RNA is presumably too unstable to be detected. Indeed, a quickly in vivo-degraded messenger would be in too small a quantity to be detected after purification. Nevertheless, all of the intergenic regions were found to be carried by RNA species (RT-PCR analyses). Recently, Han et al. (12) reported a large (12 kb long) messenger covering four genes of the "cel" cluster of another mesophilic cellulolytic strain of Clostridium cellulovorans. Four transcription units for the first eight genes were described by the authors. Concerning C. cellulolyticum, the polar effect observed in the cipCMut1 strain, on the one hand, and the various different messengers identified in this study, on the other hand, strongly suggest that the cip-cel cluster constitutes a very large operon.
Two different hypotheses might be proposed. In the first one, only one promoter region located upstream of cipC controls the expression of all the genes of the cluster as a single unit, the various messengers detected being produced either by transcriptional attenuation and/or by processing of the primary transcript. In the second hypothesis, internal promoters exist: for example, in front of cel48F and/or cel9E. In such a case, then the expression from this promoter(s) would be dependent on the expression of the first genes of the cluster in a cellulosecontaining medium. Indeed, none of the enzymes encoded by the genes of the cluster could be detected in the cipCMut1 strain (16) . Primer extension experiments did not reveal any clear start point either in front of cel48F or in front of cel8C, cel9G, or cel9E. Conversely, the presence of large cDNAs in the primer extension reactions suggest (i) that these genes are included in polycistronic messengers and (ii) that the major band(s) which corresponds to messengers carrying the gene on its 5Ј-end part might result from processing events. Nevertheless, we cannot exclude that some internal promoters might be activated, depending on the culture conditions. Indeed, promoter/operator regions located in front of the mannanase gene man5K, the pectinase gene rgl11Y, or orfX might be the target for specific regulators. Such a hypothesis will be explored in future experiments by fusion with a reporter gene. FIG. 6 . Primer extension from cipC, cel48F, cel8C, cel9G, and cel9E mRNAs. The experiments were performed with 15 g of total RNAs and primers covering the 5Ј end of the various ORFs (cip-PE1 for cipC, F-PE1 for cel48F, C-PE1 for cel8C, G-PE1 for cel9G, and E-PE1 for cel9E) The sizes of the reverse transcripts were determined by using a labeled 25-bp DNA Step Ladder (Promega).
The stability of the cipC-cel48F and cel48F messengers was found to be high (half-lives of 12 and 17 min, respectively). In Bacillus subtilis, in early stationary phase, 80% of the messengers have a half-life of less than 7 min and only 3% display a half-life of more than 15 min (11) . In E. coli and Lactococcus lactis, in exponential phase, the mean half-lives are around 7 and 6 min, respectively (25, 28) . After the addition of rifampin, which blocked transcriptional events, both cipC-cel48F and cel48F transcript amounts decreased; we did not observe any increase of the cel48F monocistronic messenger correlated with a decrease of the bicistronic messenger which could clearly indicate that the former was obtained from the latter. Nevertheless, we could observe that different mRNA preparations exhibit very different ratios of these two mRNA species (Fig. 2A, lane cel48F, and Fig. 8A ). These two observations suggest that both messengers might be issued from processing events from long primary transcripts and accumulate because of their higher stabilities. The presence of a stem-loop structure at the 5Ј end of the cel48F processed monocistronic mRNA (Fig. 7B ) might protect it from exonucleolytic degradation and thus participate in its remarkable stability, as has been shown for the B. subtilis aprE and gapA transcripts (3, 17) . This phenomenon constitutes a posttranscriptional regulation process and might greatly contribute to the final equilibrium between the different proteins encoded by the cluster. Nevertheless, we cannot exclude that the monocistronic cel48F mes- senger might also be a derivative of the bicistronic mRNA by a low rate of processing. Indeed, in the experiment with rifampin, at time zero, the proportions of the large and small mRNAs were found to be of 90% and 10%, respectively, whereas 30 min later the proportions were estimated to be 70% and 30%, respectively. Such a hypothesis was proposed in the case of the dnaK operon of B. subtilis (13) . In E. coli, there are two major endoribonucleases involved in mRNA processing, RNase E and RNase III (9) . In B. subtilis, two paralogous endoribonucleases (J1 and J2) which share functional homologies with RNase E from E. coli, have been characterized (5) . Orthologues of these two RNases were found in many clostridia. Similar RNA maturation processes are thus expected to occur in these bacteria. Nevertheless, no sequence similarity could be found between processing sites of the cip-cel cluster and the processing sites found in the B. subtilis dnaK operon (13) and gapA operon (17) (data not shown). On the other hand, sequence alignment of the different putative cluster processing sites did not reveal any consensus sequence which might be recognized by one specific C. cellulolyticum
RNase. The processing mechanism should be characterized in the future. Concluding remarks. In summary, the results obtained suggest that C. cellulolyticum uses differential segmental mRNA stability to fine tune the expression of individual genes of the cip-cel operon. The promoter region, identified in front of cipC, would control the expression of the entire cluster by the way of a long 26-kb primary transcript that is processed into various secondary transcripts, which display different stabilities. One secondary bicistronic transcript and three monocistronic stable transcripts ensure the expression of the scaffoldin gene cipC and the genes coding for the two major cellulases Cel48F and Cel9E at a high level. Other secondary transcripts of lower stability would mediate the expression of the other genes at a weaker level. This work constitutes the first step of the cip-cel gene regulation study. Transcriptional fusions with a reporter gene would now be used to explore the regulation of the cipC promoter activity and to identify the putative internal promoter(s).
FIG. 8. Detection of cipC-cel48F
and cel48F mRNA stabilities by Northern blot analyses. (A) Total RNAs were purified from cells grown at 32°C before addition of rifampin. RNAs were extracted at the indicated times (0, 9, 20, and 30 min) after addition of rifampin. The blotted RNAs were hybridized with cel48F-and 16S-specific Cy5-labeled cDNA probes. (B) Half-life determination of the cipC-cel48F (■) and cel48F (OE) transcripts. Each RNA was quantified from the intensity of the corresponding area minus background contribution using the Multi Gauge, version 2.0, software. In order to compare the quantities of the two specific-mRNAs in the four samples, these quantities were normalized relatively to the extremely stable 16S RNA. This experiment has been performed twice with samples collected at different times (data not shown). Half-lives determined from each mRNA species from the two different experiments were equal. 
